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Centrifugal ﬁltrationNucleotide binding to nucleotide-depleted F1-ATPase from Escherichia coli (EcF1) during MgATP hydrolysis in
the presence of excess ɛ subunit has been studied using a combination of centrifugal ﬁltration and column-
centrifugation methods. The results show that nucleotide-binding properties of catalytic sites on EcF1 are
affected by the state of occupancy of noncatalytic sites. The ATP-concentration dependence of catalytic-site
occupancy during MgATP hydrolysis demonstrates that a bi-site mechanism is responsible for the positive
catalytic cooperativity observed during multi-site catalysis by EcF1. The results suggest that a bi-site
mechanism is a general feature of F1 catalysis.
© 2009 Elsevier B.V. All rights reserved.1. IntroductionFoF1-ATP synthases catalyze the synthesis of ATP coupled to the
transmembranemovement of H+ (or, in some organisms, Na+) during
oxidative and photo-phosphorylation. Structurally, the synthase can
be resolved into two multi-subunit components — Fo and F1. Fo is
responsible for the transmembrane transport of the coupling ion. In
most bacteria, it consists of one a subunit, two b subunits, and an
oligomeric ring of c subunits (ab2cn). F1 is the catalytic component
which when separated from Fo is only capable of net ATP hydrolysis.
For this reason, soluble F1 is referred to as an ATPase. F1 is composed of
ﬁve types of subunits with a stoichiometry of α3β3γδɛ. The α and β
subunits are arranged alternately in a hexamer around the γ subunit.
Nucleotide-binding sites are located at all six α/β interfaces [1], three
being catalytic and primarily on the β subunit, and three being
noncatalytic and primarily on the α subunit [2].
Energy coupling by the ATP synthase is best described by the
binding change mechanism proposed by Paul Boyer et al. [3–6].
According to this mechanism, during net ATP synthesis, ATP formationP synthase; MF1, EcF1, and TF1,
coli, and thermophilic Bacillus
ANP, ADP and/or ATP; PEP,
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ll rights reserved.from bound ADP and Pi at one of the catalytic sites occurs without a
signiﬁcant change in free energy. Themajor energy-requiring steps are
the release of product from, and the tight binding of substrate to,
separate but interacting catalytic sites. Conformational changes
brought about by the rotation of the centrally positioned γ subunit
cause nucleotide binding changes at the catalytic sites. Subunit
rotation is driven by the proton motive force across the coupling
membrane. It was also suggested that, during enzyme turnover under
conditions where only one of the three catalytic sites is occupied,
product release is slow, but accelerates when substrate binds at an
additional catalytic site(s). The binding changemechanism has gained
strong support from demonstrations of subunit rotationwithin F1 and
Fo [7–16]. It is now widely accepted that during catalysis by bacterial
synthases, a complexof subunits consisting of the cn ring and the γ and
ɛ subunits (rotor) rotates relative to the rest of the structure (stator)
consisting of ab2α3β3δ. Rotation during ATP synthesis occurs in the
opposite direction from that which occurs during ATP hydrolysis.
Positive cooperativity in catalysis by F1, as proposed by the binding
change mechanism, was quantitated in experiments using F1-ATPase
from beef heart mitochondria [17–19]. In these experiments, when
ATP was allowed to bind to only one of the three catalytic sites on F1,
product ADP and Pi dissociated very slowly. Thismode of turnover was
named uni-site catalysis. However, as ATP concentration was
increased to allow binding at the second and third sites, the rate of
dissociation was accelerated by up to 105-fold. The accelerated modes
of catalysis were named bi-site and tri-site catalysis depending on the
extent of the presumed occupancy of the second and third catalytic
sites [18]. However the relative contribution of bi-site and tri-site
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Consequently, rapid turnover by F1-ATPase is often referred to as
multi-site catalysis, a term intended to be inclusive of both bi-site and
tri-site catalysis. The view that bi-site catalysis accounts for most or all
of the rate enhancement observed during multi-site catalysis has
received experimental support [20–23], and the ATP-concentration
dependence of rotation of both the γ-subunit in the α3β3γ-
subcomplex of TF1 [24–26] and the c-ring in TFoF1 [27] is consistent
with a bi-site mechanism. However, models where tri-site catalysis
accounts for most of the strong positive catalytic cooperativity
exhibited by the enzyme have been suggested based primarily on
apparent deviations from Michaelis–Menten kinetics and/or the
stoichiometry of catalytic-site occupancy estimated using the ﬂuor-
escence of a tryptophan inserted at the catalytic sites as a reporter
group [28–35]. It has even been argued that F1 cannot catalyze ATP
hydrolysis at any signiﬁcant rate when only two sites are occupied
[36,37]. Results obtained using direct observations of ATP-dependent
γ subunit rotation in F1 have not yet resolved this question as they
have been used to support both the bi-site model [24,25], and the
tri-site model [26,38,39].
Seeking to resolve this issue, we have recently evaluated catalytic-
site occupancy during ATP hydrolysis by mitochondrial F1 (MF1) using
a centrifugal ﬁltrationmethod to separate free and bound ligands [40].
The results obtained strongly support a bi-site model as being
responsible for the rapid rates of catalysis observed under multi-site
conditions. To determine whether bacterial enzymes exhibit the same
catalytic mechanism, we have used the centrifugal ﬁltration method
to correlate catalytic-site occupancy in Escherichia coli F1 (EcF1) to
steady-state rates of ATP hydrolysis. We ﬁnd that at ATP concentra-
tions equal to, or slightly exceeding, the Km value, 1.3 to 1.5 mol of
nucleotide per mol of EcF1 are bound at catalytic sites. This result
shows that bi-site catalysis is responsible for multi-site activity during
ATP hydrolysis by EcF1, and together with our previous results with
MF1 [40], makes it likely that a bi-site mechanism is a general feature
of F1 catalysis.
2. Materials and methods
2.1. Materials
ATP, potassium phosphoenolpyruvate, potassium pyrophosphate,
NADH, Tris, Sephadex G-50-80, Sephadex G-50-150, bovine-serum
albumin, lyophilized pyruvate kinase and lactate dehydrogenase were
from Sigma. Mops, glycerol, and Na2SO4 were from Fluka, Bio-Safe II
scintillation mixture was from Research Products International, and
H2SeO3 was from Aldrich. KHSeO3 was prepared by titrating H2SeO3
with KOH to pH 8.0. Microcon centrifugal-ﬁlter devices, YM-50,
having a molecular weight limit of 50×103, and Amicon Ultra-4
centrifugal-ﬁlter units with a molecular weight limit of 30×103 were
from Millipore. [2,5′,8-3H]ATP (37 Ci/mmol) and [γ-32P]ATP
(6000 Ci/mmol) were from Amersham Pharmacia.
2.2. Enzyme preparations
EcF1 was puriﬁed from strain JP17 [41] containing the wild-type
plasmid pJW1 [42] according to [43] with the modiﬁcations described
in [7]. Nucleotide-depleted EcF1 (ndEcF1) was prepared according to
published method [44] with modiﬁcations [45] using a column of
Sephadex G-50-150 (1.5×70 cm) at a ﬂow rate of 1 ml/h. Fractions
with A280/A260 ratio higher than 2.0 were pooled, concentrated using
Amicon Ultra-4 centrifugal-ﬁlter units and transferred to a medium
containing 10 mM Mops/Tris, pH 8.0, 0.1 mM EDTA and 50% glycerol
by repetitive dilution and concentration. The ndEcF1 preparations
were stored at a concentration of 60–70 μM at−20 °C. The nucleotide
content of ndEcF1 preparations was less than 0.25 mol/mol of enzyme
as determined by measurement of the extracted nucleotides.Recombinant ɛ subunit was prepared as described in [46]. Plasmid
pH6ɛ+, kindly provided by Dr. Robert K. Nakamoto, was used to
express ɛ in the BL21(DE3)pLysS cells (Novagen) after the uncC gene
had been recloned.
2.3. Nucleotide-binding assays
Total [3H]ANP binding to ndEcF1 during hydrolysis of [3H]ATP was
measured at 22 °C by a centrifugal ﬁltration method [40] using
Microcon YM-50 centrifugal-ﬁlter devices. Reactionmixtures in a ﬁnal
volume of 230 μl contained 1 or 2 μM ndEcF1, 20 mM Mops/Tris, pH
8.0, 0.2 mM EDTA, 2.2 mM Mg(CH3COO)2, 10 mM CH3COOK, 50 nM
[3H]ATP (about 3.3×105 cpm), carrier ATP, PEP, pyruvate kinase, and ɛ
subunit in the absence or presence of 1 mMMgPPi or 40 mM KHSeO3.
Pyruvate kinase and ɛ subunit were present at 1 mg/ml and 0.43 μM,
respectively, in the presence of 1 μM ndEcF1, or at 2 mg/ml and
0.74 μM, respectively, in the presence of 2 μM ndEcF1. In the presence
of 1 μM ndEcF1, the concentration of PEP was 10 mM. When 2 μM
ndEcF1 was used, the concentration of PEP was 20 mM in the absence
and presence of MgPPi, and 25 mM in the presence of KHSeO3.
Reaction was started by addition of ndEcF1, and after incubation for
15 min in the presence of MgPPi, or for 20 min in its absence, a 215-μl
aliquot was transferred to the sample reservoir of the YM-50
centrifugal-ﬁlter device. When KHSeO3 was present, the samples
containing 1 and 2 μM ndEcF1 were incubated 15 and 10 min,
respectively. The device was centrifuged twice as described in [40],
except that the period of centrifugation at full speed lasted 13 and 18 s
for samples containing 1 and 2 μM ndEcF1, respectively. Incubation
periods quoted above include both centrifugation steps. The radio-
activity of 5-μl aliquot of the ﬁltrate obtained during second
centrifugationwas measured as described [40], and the stoichiometry
of total [3H]ANP bound to EcF1, Nt, and the concentration of free
ATP, cATP(f), were calculated according to the equations Nt=cATP(t)×
(1−a/at) / [cp×(1−b)] and cATP(f)= cATP(t)×(a/at−b)/(1−b),
respectively, where at is the radioactivity corresponding to 5 μl of
reaction medium before centrifugation, a is the average radioactivity
in 5 μl of the second ﬁltrate, b is the fraction of impurities in [3H]ATP
determined as described [40] to be equal to 0.1354 (±0.0029), cATP(t)
is the concentration of ATP including that added with [3H]ATP, and cp
is the concentration of ndEcF1.
[3H]ANP binding to the noncatalytic sites of ndEcF1 (Nnc) was
measured using a column-centrifugation method [47]. All the
incubations performed to measure Nt were repeated, and at the end
of the incubation period a large excess of unlabeled MgATP (4–5 mM)
was added to promote dissociation of labeled nucleotide from
catalytic sites. After 1 min, 100-μl aliquots were applied to 2-ml
Sephadex G-50-80 centrifuge columns equilibrated with buffer
containing 1.1 mg/ml bovine-serum albumin [2] to remove unbound
ligand. Efﬂuents were collected directly in scintillation vials contain-
ing 20 μl of 5% SDS and were counted after addition of 4 ml of Bio-Safe
II scintillation mixture. The stoichiometry of [3H]ANP bound to the
catalytic sites (Nc) was calculated as the difference, Nt−Nnc.
2.4. Other assays
Kinetics of ATP hydrolysis by ndEcF1 was assayed spectrophoto-
metrically [48] at 340 nm. The assay medium at 22 °C contained
20 mM Mops/Tris, pH 8.0, 0.2 mM EDTA, 2.2 mM Mg(CH3COO)2,
10 mM CH3COOK, 1 mM PEP, 0.3 mM NADH, 0.28 μM ɛ subunit,
0.15 mg/ml pyruvate kinase, 0.15 mg/ml lactate dehydrogenase, and
MgATP as indicated in the ﬁgure legends in the absence and presence
of KHSeO3 or 1 mM MgPPi. ATP-dependence of the steady-state
activity of ndEcF1 was assayed using [γ-32P]ATP at 22 °C. 21.9 nM
ndEcF1 was incubated for 20 min in 90 μl of a medium containing
20 mMMops/Tris, pH 8.0, 0.2 mM EDTA, 11.1 mM CH3COOK, 2.44 mM
Mg(CH3COO)2, 2.78 mM PEP, 313 nM ɛ subunit, 0.22 mg/ml pyruvate
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concentration from 0.11 μM to 1.1 mM in the absence or presence of
1.11 mM MgPPi or 44.4 mM KHSeO3. Then 10 μl of carrier-free [γ-32P]
ATP solution (about 2×105 cpm) in a buffer composed of 20 mM
Mops/Tris, pH 8.0, and 0.2 mM EDTA was added for 1 min. Reaction
was stopped by adding 60 μl of 1.5 M HClO4 containing 10 mM Pi, 60 μl
of an activated charcoal suspension (50 mg/ml in 0.1 M HCl) was
added, and, after centrifugation, the radioactivity of 32Pi in 165 μl of
the supernatant was determined by Cherenkov counting. The results
were corrected for 32Pi content in the original [γ-32P]ATP (6–10%), and
the EcF1 molar activity, Am, was calculated according to equation
Am=(cATP×ln[rATP/(rATP−rP)])/(cp× t) that takes into account a
continuous decrease in the speciﬁc radioactivity of [γ-32P]ATP during
its hydrolysis in the presence of pyruvate kinase and PEP, and where
cATP and cp are the concentrations of ATP and EcF1, respectively, after
the [γ-32P]ATP addition, rATP and rP are the radioactivity of [γ-32P]
ATP added (corresponding to 165-μl aliquot) and 32Pi formed,
respectively, and t is the time of incubation with [γ-32P]ATP, 60 s.
Protein was determined by a modiﬁed Lowry procedure [49]. A
value of 380 kDa was used as the molecular mass of EcF1 [50].
3. Results
3.1. Kinetic properties of ndEcF1 during ATP hydrolysis
EcF1 is known to exhibit activation following dilution into an ATP
hydrolysis assay due to the reversible dissociation of the inhibitory ɛ
subunit [51–56]. Since the ɛ-free form of the enzyme is at least 10-fold
more active than the ɛ-replete form [57–60], this phenomenon
complicates the interpretation of the results of such assays, especially
when other time-dependent changes in the enzyme's activity are
occurring. However, the problems associated with ɛ dissociation can
be overcome by including a saturating amount of exogenous ɛ in the
assay [60]. This has the added advantage of compensating for any
partial loss of endogenous ɛ that might have occurred during enzyme
puriﬁcation and preparation [60], though in our preparations of
ndEcF1 the amount of the ɛ-deﬁcient form was less than 1% as
determined from the effects of added ɛ on activity. For these reasons,
all ATPase assays, as well as most of the binding experiments, reported
here were carried out in the presence of saturating ɛ.
Fig. 1 shows the time course of ATP hydrolysis by ndEcF1 at two
substrate concentrations, 10 μM and 1 mM, representing conditionsFig.1. Effects of selenite and PPi on ATP hydrolysis by ndEcF1 in the presence of excess ɛ subun
methods using 10 μM (traces 1–3) and 1mM (traces 4–6) ATP in the absence (traces 1 and 4)
concentration was 33 nM (traces 1 and 2), 53 nM (trace 3), 13 nM (traces 4 and 6) and
concentrationwere compensated for by adjusting the scales shown to 60 μMNADH for trace 3
ATP hydrolysis rates.below and above the Km for ATP (see Fig. 3), in the absence (traces 1
and 4) and presence of 40mM selenite (traces 2 and 5) or 1mMMgPPi
(traces 3 and 6). Selenite is a member of a group of “activating” anions
known to stimulate the ATPase activity of MF1 [61] and EcF1 [62]. With
MF1, activating anions [63,64] and PPi [65] can also affect the rate of
approach to steady-state catalysis, and their effect on the steady-state
rate of ATP hydrolysis has been shown to result from a shift in the
relative abundance of the active versus the MgADP-inhibited enzyme
forms during steady-state hydrolysis [63,65] brought about by the
increased rate of dissociation of inhibitory MgADP from catalytic site
[66]. As shown by traces 1 and 4 in Fig. 1, even in the presence of
saturating concentrations of the ɛ subunit, the rate of ATP hydrolysis
increases about 2-fold during assay, reaching a steady-state level after
10 to 15 min. A comparison of traces 1 and 4 shows that the steady-
state rate is approached more rapidly at the higher substrate
concentration. Selenite stimulates both the initial and steady-state
activities of ndEcF1 by 2- to 2.5-fold without affecting the time-
dependent increase in the rate of ATP hydrolysis during assay (Fig. 1,
traces 2 and 5). PPi, on the other hand, stimulates the initial rate of ATP
hydrolysis (Fig.1, traces 3 and 6), but decreases the steady-state rate at
low ATP concentration, and has little effect on the steady-state rate at
high ATP concentration. As a result, PPi diminishes markedly the
extent of the time-dependent activation of ndEcF1. Since PPi binding to
noncatalytic sites at the nucleotide concentrations≤100 μM ([45] and
see also Fig. 4C below) prevents ATP binding at those sites, it appears
likely that the time-dependent increase of ATPase activity in the
absence of PPi (Fig. 1) results from ATP binding to noncatalytic sites.
The concentration dependence of the selenite effect on the steady-
state activity of ndEcF1 is shown in Fig. 2. At saturating ATP (1 mM),
selenite stimulates the steady-state rate of ATP hydrolysis up to 2.5-
fold with a half-maximal stimulation at 10 mM selenite (Fig. 2,
circles). At low ATP (10 μM), the steady-state activity of ndEcF1 is
stimulated by selenite up to 2-fold with half-maximal stimulation at
2.5 mM selenite (Fig. 2, closed hexagons). The extent of stimulation of
the ATPase activity of ndEcF1 by 40 mM selenite in the presence of
excess ɛ subunit (Figs. 1 and 2) is comparable with that (1.7-fold)
reported for the ɛ-replete EcF1 in the presence of 40 mM Na2SO3 [62].
Surprisingly, at low substrate concentration, PPi prevents selenite
from stimulating the ATPase activity (Fig. 2, open hexagons), however
at high (1 mM) ATP concentration PPi does not affect stimulation of
EcF1 activity by selenite (not shown). It appears that, at low ATP
concentration, PPi binding to noncatalytic sites prevents activatingit. ATPase activity was assayed spectrophotometrically as described in theMaterials and
and presence of 40mMKHSeO3 (traces 2 and 5) or 1mMMgPPi (traces 3 and 6). ndEcF1
6.6 nM (trace 5). Note that at each ATP concentration tested, differences in ndEcF1
(10 μMATP) and 40 μMNADH for trace 5 (1mMATP) to allow direct comparison of the
Fig. 2. Concentration-dependence of selenite activation of ATP hydrolysis by ndEcF1.
Steady-state ATP hydrolysis by ndEcF1 was assayed spectrophotometrically as described
in theMaterials andmethods using 10 μM(hexagons) and 1mM (circles) ATP. The assay
medium also contained selenite in the absence (closed symbols) and presence (open
hexagons) of 1 mM MgPPi.
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binding to noncatalytic sites itself or diminished due to competition
with the nucleotide PPi binding to noncatalytic sites results in the
restoration of the selenite effect.Fig. 3. Substrate-concentration dependence of steady-state hydrolysis rates by ndEcF1
in the absence and presence of selenite or PPi. (A) ATPase activity was measured using
[γ-32P]ATP as described in the Materials and methods. Solid lines represent the best ﬁt
of data to the Michaelis–Menten equation (Vmax=14.3±0.5 s−1 and Km=46±6 μM in
the absence of additions (circles), 34.8±0.5 s−1 and 71±4 μM in the presence of
40 mM selenite (hexagons), and 16.6±0.4 s−1 and 51±4 μM in the presence of 1 mM
MgPPi (diamonds)). (B) A double-logarithmic plot of the data shown in (A).Fig. 3 shows the substrate-concentration dependence of steady-
state hydrolysis rates by ndEcF1 in the absence (circles) and presence
of 40mM selenite (hexagons) or 1mMMgPPi (diamonds) over an ATP
concentration range of 0.1 μM to 1 mM. The spectrophotometric assay
[48] is not suitable for measuring hydrolysis rates at submicromolar
ATP concentrations, in part, due to contaminating nucleotide (ADP/
ATP) introduced with the NADH [37,67,68]. For this reason, we used
[γ-32P]ATP in the presence of pyruvate kinase and PEP to obtain the
data presented in Fig. 3.
Fitting the data of Fig. 3, panel A, to the Michaelis–Menten equation
yields Vmax values of 14.3±0.5, 34.8±0.5, and 16.6±0.4 s−1 in the
absenceandpresence of selenite or PPi, respectively,with correspondingFig. 4. [3H]ANP binding to ndEcF1 during steady-state [3H]ATP hydrolysis in the absence
(A) and presence of 40 mM KHSeO3 (B) or 1 mM MgPPi (C). Total [3H]ANP binding to
ndEcF1 (circles and hexagons) and [3H]ANP binding to the noncatalytic sites (diamonds
and squares) were measured as described in the Materials and methods using 1 μM
(circles and diamonds) and 2 μM (hexagons and squares) ndEcF1.
Fig. 6. Catalytic-site occupancy for ndEcF1 during [3H]ATP hydrolysis in the absence of
exogenous ɛ. Catalytic-site occupancy during [3H]ATP hydrolysis by 1 μM ndEcF1 in the
absence of added ɛ was measured as described in the Materials and methods using a
combination of the centrifugal ﬁltration and column-centrifugation methods (circles)
to obtain the total and noncatalytic-site binding, respectively, or only the column-
centrifugation method (diamonds) to obtain both total and noncatalytic-site binding.
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concentrations tested, the data obtained both in the absence (Fig. 3B,
circles) and presence of selenite (Fig. 3B, hexagons) closely follow the
lines drawn for the best ﬁt to theMichaelis–Menten equation. However,
data obtained in thepresence of PPi (Fig. 3B, diamonds) showdeviations
from the best-ﬁt line at ATP concentrations lower than 10 μM.
3.2. Nucleotide binding to ndEcF1 during steady-state ATP hydrolysis
To evaluate catalytic-site occupancy in ndEcF1 during ATP hydro-
lysis, we incubated the enzyme for 10 to 20 min under different
conditions in the presence of excess exogenous ɛ subunit, [3H]ATP,
pyruvate kinase and phosphoenolpyruvate. In each case, the incuba-
tion period was sufﬁcient for ndEcF1 to reach steady-state activity
(Fig. 1). The stoichiometry of [3H]ANP bound to both catalytic and
noncatalytic sites on EcF1 (Nt) was measured using the centrifugal
ﬁltration method [40]. The stoichiometry of [3H]ANP bound at
noncatalytic sites (Nnc) was measured following a cold chase and
passage through a centrifuge column as described under Materials
and methods. The stoichiometry of [3H]ANP bound to the catalytic
sites (Nc) was then obtained as the difference, Nt−Nnc.
Fig. 4 shows the ATP-concentration dependence of the total (circles
and hexagons) and noncatalytic-site (diamonds and squares) [3H]ANP
bound to ndEcF1 in the presence of the excess ɛ during steady-state
[3H]ATP hydrolysis in the absence (A) and presence of 40 mM selenite
(B) or 1 mM MgPPi (C). A comparison of data presented in panels A
and B shows that neither the total nor the noncatalytic-site bound
nucleotides are affected signiﬁcantly by selenite, and that noncataly-
tic-site binding reaches saturation at about 2 mol/mol of EcF1 when
[3H]ATP concentration exceeds 10 μM. The latter result is in agreement
with the stoichiometry of [3H]ANP binding at noncatalytic sites on
ndEcF1 during hydrolysis of 100 μM [3H]ATP reported earlier [45]. PPi
signiﬁcantly decreases both the total and noncatalytic-site [3H]ANP
bound to EcF1 (Fig. 4C). This result is consistent with previous
demonstrations that PPi competes with nucleotide for binding at
noncatalytic sites on MF1 [66,69,70], wild-type EcF1 [45], and
αR365W-mutant EcF1 [71].
Fig. 5 shows the substrate-concentration dependence of catalytic-
site occupancy during steady-state [3H]ATP hydrolysis calculated as
described under Materials and methods using data presented in Fig. 4.
It is apparent that selenite does not signiﬁcantly affect catalytic-site
occupancy (compare circles with hexagons). Catalytic-site occupancy
reaches a value of 1 mol/mol of EcF1 at 1 to 2 μM ATP, and increases
further to 1.3–1.5 mol/mol of EcF1 in the presence of about 70 μMATP.Fig. 5. Catalytic-site occupancy for ndEcF1 during steady-state [3H]ATP hydrolysis in the
absence (circles) and presence of 40 mM KHSeO3 (hexagons) or 1 mM MgPPi
(diamonds). Catalytic-site binding of [3H]ANP was calculated as a difference between
the total and noncatalytic-site binding measured in Fig. 4.Surprisingly, MgPPi (Fig. 5, diamonds) signiﬁcantly decreases cataly-
tic-site occupancy at ATP concentrations below 20 μM, but has no
effect at higher ATP concentrations. The latter result is consistent with
an earlier observation [45] that 1 mM MgPPi does not affect catalytic-
site nucleotide bindingwhen EcF1 is assayed in the presence of 100 μM
nucleotide (ATP, ADP, GTP). According to data presented in Fig. 5,
1 mM MgPPi increases the ATP concentration required for half-
occupancy of the ﬁrst catalytic site from about 20 nM to about 300 nM.
This increase is most likely a result of MgPPi binding to noncatalytic
sites.
As the results presented in Fig. 5 show,1.3 to 1.5 mol of ANP/mol of
EcF1 are bound to catalytic sites at ATP concentrations equal to or
slightly above the Km values (Fig. 3) regardless of the noncatalytic
nucleotide content or the extent of Mg2+-dependent enzyme
inhibition. The observed catalytic site occupancy is close to the
value of 1.5 mol/mol of enzyme predicted by a bi-site mechanism
when free MgATP concentration equals the Km, but is signiﬁcantly
lower than the value of 2.5 mol of catalytic-site bound ANP/mol of
EcF1 predicted by a tri-site model [29].
Circles in Fig. 6 show the ATP-dependence of catalytic-site
occupancy for ndEcF1 in the absence of added ɛ at the substrate
concentrations≤10 μM. This dependence is similar to that obtained in
the presence of added ɛ (Fig. 5, circles) in the corresponding range of
ATP concentrations. In addition, Fig. 6 shows that at ATP concentra-
tions below 0.1 μM, values obtained for catalytic-site occupancy using
a combination of the centrifugal ﬁltration and column-centrifugation
methods (circles) do not differ from the values obtained using the
column-centrifugation method alone to determine total and non-
catalytic-site bound nucleotide (diamonds). At the higher ATP
concentrations, the two sets of the values diverge, with the difference
reaching about 0.2 mol/mol of EcF1 at 1 to 10 μM ATP. Since the
column-centrifugation method [47] would not detect bound ligand
having a dissociation rate constant greater than about 0.1 s−1 [72], the
results of Fig. 6 mean that the ﬁrst 1 mol of catalytic-site bound
nucleotide detected using the centrifugal ﬁltrationmethod dissociates
with the rate constant that is not higher than 0.1 s−1.
4. Discussion
The main conclusion that can be drawn from the results presented
is that a bi-site mechanism is responsible for the positive catalytic
cooperativity of ATP hydrolysis observed under conditions for multi-
site catalysis.
Fig. 8. Modeling ATP-dependence of EcF1 activity in the presence of selenite according
to bi-site and tri-site schemes of the catalytic mechanism. Hexagons represent data
obtained in the presence of selenite (Fig. 3). Solid line represents the best ﬁt of the data
to the Michaelis–Menten equation with Km and Vmax of 71 μM and 34.8 s−1,
respectively. Dotted line is drawn according to the bi-site mechanism (Fig. 7A, Eq.
(1)) with K1 and K2 equal to 0.025 μM and 71 μM, respectively, and k3 and k6 equal to
0.002 s−1 and 34.8 s−1, respectively. Dashed lines are drawn according to the tri-site
mechanism (Fig. 7B, Eq. (2)) with K1, K2, and K3 equal to 0.007 μM, 0.5 μM, and 71 μM,
respectively, for the long- and medium-dashed lines, and 0.008 μM, 1 μM, and 71 μM,
respectively, for the short-dashed line, and k3, k6, and k9 equal to 0.002 s−1, 0.052 s−1,
and 34.8 s−1, respectively, for the long- and short-dashed lines, and 0.01 s−1, 0.1 s−1,
and 34.8 s−1, respectively, for the medium-dashed line.
Fig. 7. Minimal kinetic schemes for the ATP hydrolysis by F1 involving bi-site (A) and
tri-site (B) catalysis. E, S and P represent F1, ATP and the products, ADP and Pi,
respectively. According to these schemes, the molar activity of F1 (Am) can be written as
Am = k3 S½ K2 + k6 S½ 2
 
= K1K2 + S½ K2 + S½ 2
 
; ð1Þ
for the bi-site model (A) and as
Am = k3 S½ K2K3 + k6 S½ 2K3 + k9 S½ 3
 
= K1K2K3 + S½ K2K3 + S½ 2K3 + S½ 3
 
; ð2Þ
for the tri-site model (B), where K1, K2, and K3 are equal to (k2+k3)/k1, (k5+k6)/k4,
and (k8+k9)/k7, respectively.
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catalytic-site occupancy (Fig. 5) under corresponding conditions leads
to the conclusion that a bi-site mechanism is responsible for the
strong positive catalytic cooperativity observed during ATP hydrolysis
by EcF1. Two features of the data shown in the Fig. 5 thatmight be used
to challenge this conclusion should be considered. One issue concerns
the fact that due to experimental limitations wewere unable to obtain
values for catalytic-site occupancy at saturating ATP concentrations.
One could argue that if the measurements at saturating ATP
concentrations were possible, the value for catalytic site occupancy
might approach 3 mol/mol of EcF1. However, even if true, this would
not change the fact that at ATP concentrations equal to or slightly
above the Km value, a catalytic-site occupancy of about 1.5 mol/mol
(Fig. 5) supports a bi-site mechanism and is far short of the 2.5 mol/
mol predicted by a tri-site mechanism. Hence, even if occupancy of all
three catalytic sites is achieved at saturating ATP concentrations, the
ﬁlling of the third site would yield little further rate enhancement. As
noted earlier [40], the ability of the enzyme to bind nucleotide
simultaneously at all three catalytic sites is well documented
[2,21,33,72,73]. However, as shown here it is substrate binding at
the second catalytic site that produces the kinetic acceleration
responsible for rapid multi-site catalysis.
The second issue that warrants discussion is the heterogeneity in
nucleotide binding to the ﬁrst catalytic site of EcF1 that is evident in
Fig. 5. We believe the origin of this heterogeneity is related to the
varying degree of occupancy of noncatalytic sites, and that the
observed heterogeneity in the substrate binding to the ﬁrst catalytic
site has no bearing on the relative importance of bi-site and tri-site
catalysis. At very low added ATP concentrations, the most prevalent
form of ndEcF1 will have all three noncatalytic sites unoccupied. With
increase in ATP concentration, the relative contribution of this enzyme
form decreases as the populations of enzyme having one and two
noncatalytic sites occupied increase. The following data support this
interpretation. (i) In the absence of PPi, within the range of the free
ATP concentrations where saturation of the ﬁrst catalytic site occurs
(Fig. 5), the average occupancy of the noncatalytic sites on EcF1
increases from near zero to about 2 mol/mol of enzyme (Fig. 4, A and
B). (ii) In the presence of PPi, which binds rapidly to noncatalytic sites
thus rendering the enzyme more homogeneous with regard to
noncatalytic-site occupancy (Fig. 4C), the heterogeneity in substrate
binding to the ﬁrst catalytic site is less apparent (Fig. 5). The
occupancy of noncatalytic sites is known to affect properties of theﬁrst catalytic site to ﬁll as evident from the fact that the rates of uni-
site catalysis obtained with MF1 preparations containing nucleotides
bound at noncatalytic sites [17,19] are lower than the rates obtained
with ndMF1 [22,74].
However, an argument might still be made that the observed
heterogeneity in ﬁlling the ﬁrst catalytic site does not represent
heterogeneity in the properties of the ﬁrst catalytic site under the
assay conditions, but rather reﬂects heterogeneity in the enzyme
preparation. For example, assume that 50% of the enzyme is
completely inactive and does not bind nucleotides, whereas the
remaining enzyme is responsible for ATP hydrolysis and nucleotide
binding. In this case, the heterogeneity could represent sequential
occupancy of the ﬁrst and second catalytic sites in the active fraction
of EcF1, and the results could be interpreted as supporting a tri-site
catalytic mechanism. Though the activity of our preparations makes
this possibility unlikely (in the presence of saturating amounts of ɛ
subunit under similar assay conditions, the activity of our prepara-
tions of ndEcF1 was at least twice as high as the activity of βY331W-
EcF1 [60] which had been shown to be about half as active as wild-
type EcF1 [29]), we nevertheless investigated whether such an
interpretation might be consistent with the substrate-concentration
dependence of EcF1 activity. For this purpose, we calculated
theoretical curves according to a bi-site (Fig. 7A) or tri-site (Fig. 7B)
mechanism. In calculations using the bi-site mechanism, we assumed
the K1 value (see legend to Fig. 7) to be equal to the ATP concentration
required for binding 0.5 mol ANP/mol of EcF1 (Fig. 5), and the K2 value
to be equal to the Km value obtained from the data reported in Fig. 3.
Furthermore, the enzyme turnover rates in uni-site and bi-site
catalysis (k3 and k6, respectively) were assumed to be equal to
0.002 s−1 [75] and the Vmax value obtained from the data of Fig. 3,
respectively. In calculations according to a tri-site mechanism, the K1
and K2 values were assumed to be equal to the ATP concentrations
required for binding of 0.25 and 0.75 mol ANP/mol of EcF1 (Fig. 5),
respectively, and the K3 value to be equal to the Km value. Values for
k3, k6, and k9 (Fig. 7B) were assumed to be equal to 0.002 s−1 [75],
0.15% of the Vmax value [36], and the Vmax value (Fig. 3), respectively.
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dependence of EcF1 activity in the presence of selenite. The theoretical
line calculated according to a bi-site mechanism (Fig. 8, dotted line)
shows a good ﬁt to the experimental data, whereas the line calculated
according to a tri-site mechanismwith the assumption that 50% of the
enzyme is completely inactive (Fig. 8, long-dashed line) deviates sig-
niﬁcantly from the data points. Even increasing k6 to 0.1 s−1 (Fig. 6)—
a value that would have prevented detection of bound nucleotide by
the column-centrifugation method [47,72], with (Fig. 8, medium-
dashed line) or without (not shown) simultaneous increase of the k3
value to 0.01 s−1, or increasing the fraction of the active enzyme to
60% (Fig. 8, short-dashed line) did not prevent deviation of the lines
calculated according to a tri-site mechanism from the experimental
data. These results show that the tri-site model is inconsistent with
the data obtained, even when it is assumed that the lower
stoichiometries measured compared to that predicted for a tri-site
mechanism are due to the presence of inactive enzyme.
At the present time, the main experimental support for tri-site
mechanism of catalysis by F1 is provided by studies using F1
engineered with a tryptophan substitution at each of the catalytic
sites, and by single-molecule measurements using Cy3-ATP. In the
former studies, the extent of catalytic-site occupancy during ATP
hydrolysis was evaluated indirectly by measuring ﬂuorescence
quenching of the introduced tryptophan (βY331W in EcF1 [29]). The
results were interpreted as supporting a tri-site mechanism
[29,34,76,77]. Problems that question the validity of this conclusion
have been noted earlier [78]. In addition, as we discussed recently
[79], the relationship between nucleotide-induced ﬂuorescence
quenching and the occupancy of three catalytic sites appears not to
be linear. This lack of linearity may have contributed to mistaken
interpretation of the data in favor of a tri-site mechanism.
In single-molecule studies with the α3β3γ subcomplex of TF1 and
Cy3-ATP [38,39], two types of results have been interpreted as
supporting a tri-site mechanism. One type consisted of observations
that in the presence of both ATP and Cy3-ATP [38,39] and in the
presence of both ATP-γ-S and Cy3-ATP [39], Cy3-ATP binding to the
enzymewas followed by a turn of γ subunit in the hydrolysis direction
of at least 240° before dissociation of the ﬂuorescent nucleotide
occurred. However the authors were not able to exclude the
possibility that Cy3-ADP formed on the enzyme during hydrolysis is
more tightly bound than ADP and therefore it takes an additional ATP
binding event to promote its release [38]. A second type consisted of
observations that, in the presence of only Cy3-ATP, regular 120°-step
rotation of γ subunit continued only when two molecules of Cy3-
nucleotide were bound to the enzyme [39]. However, according to the
nucleotide-binding properties of TF1 and its α3β3γ subcomplex as
reported by Yoshida, Allison and colleagues [80–82], when, in the
presence of Mg2+ and free nucleotides, two nucleotide molecules do
bind, they are most likely located at one catalytic site and one
noncatalytic site, rather than at two catalytic sites. It appears therefore
that results with Cy3-ATP driven rotation of γ subunit [38,39] do not
exclude the possibility of a bi-site mechanism when ATP is the
substrate.
We have recently obtained results showing that a bi-site mechan-
ism of activation is responsible for catalytic cooperativity of MF1, and
presented a bi-site model for MF1 catalysis during synthesis and
hydrolysis of ATP [40]. This model features the advantages of bi-site
catalysis recently reviewed by Boyer [83]. Results of the present study
show that bi-site catalysis is not restricted to the mitochondrial F1, but
is also exhibited by the EcF1 during ATP hydrolysis. It is therefore likely
that a bi-site mechanism is a universal feature of F1 catalysis.
Acknowledgments
We thank Dr. Richard L. Cross for the encouragement and
discussions and Dr. Robert K. Nakamoto for providing plasmid pH6ɛ+.References
[1] J.P. Abrahams, A.G. Leslie, R. Lutter, J.E. Walker, Structure at 2.8 Å resolution of
F1-ATPase from bovine heart mitochondria, Nature 370 (1994) 621–628.
[2] R.L. Cross, C.M. Nalin, Adenine nucleotide binding sites on beef heart F1-ATPase.
Evidence for three exchangeable sites that are distinct from three noncatalytic
sites, J. Biol. Chem. 257 (1982) 2874–2881.
[3] P.D. Boyer, R.L. Cross, W. Momsen, A new concept for energy coupling in oxidative
phosphorylation based on a molecular explanation of the oxygen exchange
reactions, Proc. Natl. Acad. Sci. U. S. A. 70 (1973) 2837–2839.
[4] C. Kayalar, J. Rosing, P.D. Boyer, An alternating site sequence for oxidative
phosphorylation suggested by measurement of substrate binding patterns and
exchange reaction inhibitions, J. Biol. Chem. 252 (1977) 2486–2491.
[5] P.D. Boyer, W.E. Kohlbrenner, The present status of the binding-change
mechanism and its relation to ATP formation by chloroplasts, in: B.R. Selman, S.
Selman-Reiner (Eds.), Energy Coupling in Photosynthesis, Elsevier North Holland,
New York, 1981, pp. 231–240.
[6] P.D. Boyer, The binding change mechanism for ATP synthase — some probabilities
and possibilities, Biochim. Biophys. Acta 1140 (1993) 215–250.
[7] T.M. Duncan, V.V. Bulygin, Y. Zhou, M.L. Hutcheon, R.L. Cross, Rotation of subunits
during catalysis by Escherichia coli F1-ATPase, Proc. Natl. Acad. Sci. U. S. A. 92
(1995) 10964–10968.
[8] D. Sabbert, S. Engelbrecht, W. Junge, Intersubunit rotation in active F-ATPase,
Nature 381 (1996) 623–625.
[9] H. Noji, R. Yasuda, M. Yoshida, K. Kinosita Jr., Direct observation of the rotation of
F1-ATPase, Nature 386 (1997) 299–302.
[10] Y. Kato-Yamada, H. Noji, R. Yasuda, K. Kinosita Jr., M. Yoshida, Direct observation of
the rotation of ɛ subunit in F1-ATPase, J. Biol. Chem. 273 (1998) 19375–19377.
[11] P.C. Jones, J. Hermolin, W. Jiang, R.H. Fillingame, Insights into the rotary catalytic
mechanism of FoF1 ATP synthase from cross-linking of subunits b and c in the
Escherichia coli enzyme, J. Biol. Chem. 275 (2000) 31340–31346.
[12] S.P. Tsunoda, R. Aggeler, M. Yoshida, R.A. Capaldi, Rotation of the c subunit
oligomer in fully functional F1Fo ATP synthase, Proc. Natl. Acad. Sci. U. S. A. 98
(2001) 898–902.
[13] M.L. Hutcheon, T.M. Duncan, H. Ngai, R.L. Cross, Energy-driven subunit rotation at
the interface between subunit a and the c oligomer in the FO sector of Escherichia
coli ATP synthase, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 8519–8524.
[14] G. Kaim, M. Prummer, B. Sick, G. Zumofen, A. Renn, U. Wild, P. Dimroth, Coupled
rotation within single F0F1 enzyme complexes during ATP synthesis or hydrolysis,
FEBS Lett. 525 (2002) 156–163.
[15] K. Nishio, A. Iwamoto-Kihara, A. Yamamoto, Y. Wada, M. Futai, Subunit rotation of
ATP synthase embedded in membranes: a or β subunit rotation relative to the c
subunit ring, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 13448–13452.
[16] M. Diez, B. Zimmerman, M. Borsch, M. Konig, E. Schweinberger, S. Steigmiller, R.
Reuter, S. Felekyan, V. Kudryavtsev, C.A. Seidel, P. Graber, Proton-powered subunit
rotation in single membrane-bound F0F1-ATP synthase, Nat. Struct. Mol. Biol. 11
(2004) 135–141.
[17] C. Grubmeyer, R.L. Cross, H.S. Penefsky, Mechanism of ATP hydrolysis by beef heart
mitochondrial ATPase. Rate constants for elementary steps in catalysis at a single
site, J. Biol. Chem. 257 (1982) 12092–12100.
[18] R.L. Cross, C. Grubmeyer, H.S. Penefsky, Mechanism of ATP hydrolysis by beef heart
mitochondrial ATPase. Rate enhancements resulting from cooperative interac-
tions between multiple catalytic sites, J. Biol. Chem. 257 (1982) 12101–12105.
[19] D. Cunningham, R.L. Cross, Catalytic site occupancy during ATP hydrolysis by
MF1-ATPase. Evidence for alternating high afﬁnity sites during steady-state
turnover, J. Biol. Chem. 263 (1988) 18850–18856.
[20] J.-M. Zhou, P.D. Boyer, Evidence that energization of the chloroplast ATP synthase
favors ATP formation at the tight binding catalytic site and increases the afﬁnity
for ADP at another catalytic site, J. Biol. Chem. 265 (1993) 1531–1538.
[21] M.B. Murataliev, P.D. Boyer, Interaction of mitochondrial F1-ATPase with
trinitrophenyl derivatives of ATP and ADP. Participation of third catalytic site
and role of Mg2+ in enzyme inactivation, J. Biol. Chem. 269 (1994) 15431–15439.
[22] Y.M. Milgrom, M.B. Murataliev, P.D. Boyer, Bi-site activation occurs with the native
and nucleotide-depleted mitochondrial F1-ATPase, Biochem. J. 330 (1998)
1037–1043.
[23] J.J. Tomashek, O.B. Glagoleva, W.S.A. Brusilow, The Escherichia coli F1F0 ATP
synthase displays biphasic synthesis kinetics, J. Biol. Chem. 279 (2004) 4465–4470.
[24] R. Yasuda, H. Noji, K. Kinosita Jr., M. Yoshida, F1-ATPase is a highly efﬁcient
molecular motor that rotates with discrete 120° steps, Cell 93 (1998) 1117–1124.
[25] R. Yasuda, H. Noji, M. Yosida, K. Kinosita Jr., H. Itoh, Resolution of distinct rotational
substeps by submillisecond kinetic analysis of F1-ATPase, Nature 410 (2001)
898–904.
[26] N. Sakaki, R. Shimo-Kon, K. Adachi, H. Itoh, S. Furuike, E. Muneyuki, M. Yoshida, K.
Kinosita Jr., One rotary mechanism for F1-ATPase over ATP concentrations from
millimolar down to nanomolar, Biophys. J. 88 (2005) 2047–2056.
[27] H. Ueno, T. Suzuki, K. Kinosita Jr., M. Yoshida, ATP-driven stepwise rotation of
FoF1-ATP synthase, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 1333–1338.
[28] A. Matsuno-Yagi, Y. Hateﬁ, Studies on the mechanism of oxidative phosphoryla-
tion. Positive cooperativity in ATP synthesis, J. Biol. Chem. 265 (1990) 82–88.
[29] J. Weber, S. Wilke-Mounts, R.S.-F. Lee, E. Grell, A.E. Senior, Speciﬁc placement of
tryptophan in the catalytic sites of Escherichia coli F1-ATPase provides a direct
probe of nucleotide binding: maximal ATP hydrolysis occurs with three sites
occupied, J. Biol. Chem. 268 (1993) 20126–20133.
[30] P.J. Andralojc, D.A. Harris, Catalytic cooperativity in the Ca2+-dependent ATPase
activity of spinach chloroplast coupling factor (CF1), Biochim. Biophys. Acta 1184
(1994) 54–64.
1023V.V. Bulygin, Y.M. Milgrom / Biochimica et Biophysica Acta 1787 (2009) 1016–1023[31] W.S. Allison, J.-M. Jault, N.B. Grodsky, C. Dou, A model for ATP hydrolysis catalysed
by F1-ATPases based on kinetic and structural considerations, Biochem. Soc. Trans.
24 (1995) 752–756.
[32] R.K. Nakamoto, C.J. Ketchum, M.K. Al-Shawi, Rotational coupling in the F0F1 ATP
synthase, Annu. Rev. Biophys. Biomol. Struct. 28 (1999) 205–234.
[33] R.I. Menz, J.E. Walker, A.G.W. Leslie, Structure of bovine mitochondrial F1-ATPase
with nucleotide bound to all three catalytic sites: implications for the mechanism
of rotary catalysis, Cell 106 (2001) 331–341.
[34] S. Ono, K.Y. Hara, J. Hirao, T. Matsui, H. Noji, M. Yoshida, E. Muneyuki, Origin of
apparent negative cooperativity of F1-ATPase, Biochim. Biophys. Acta 1607 (2003)
35–44.
[35] V. Corvest, C. Sigalat, R. Venard, P. Falson, D.M. Mueller, F. Haraux, The binding
mechanism of the yeast F1-ATPase inhibitory peptide. Role of catalytic
intermediates and enzyme turnover, J. Biol. Chem. 280 (2005) 9927–9936.
[36] J. Weber, A.E. Senior, Bi-site catalysis in F1-ATPase: does it exist? J. Biol. Chem. 276
(2001) 35422–35428.
[37] H. Ren, S. Bandyopadhyay, W.S. Allison, The α3(βMet222Ser/Tyr345Trp)3γ
subcomplex of the TF1-ATPase does not hydrolyze ATP at a signiﬁcant rate until
the substrate binds to the catalytic site of the lowest afﬁnity, Biochemistry 45
(2006) 6222–6230.
[38] T. Nishizaka, K. Oiwa, H. Noji, S. Kimura, E. Muneyuki, M. Yoshida, K. Kinosita Jr.,
Proton-powered subunit rotation in single membrane-bound F0F1-ATP synthase,
Nat. Struct. Mol. Biol. 11 (2004) 142–148.
[39] K. Adachi, K. Oiwa, T. Nishizaka, S. Furuike, H. Noji, H. Itoh, M. Yoshida, K. Kinosita
Jr., Coupling of rotation and catalysis in F1-ATPase revealed by single-molecule
imaging and manipulation, Cell 130 (2007) 309–321.
[40] Y.M. Milgrom, R.L. Cross, Rapid hydrolysis of ATP by mitochondrial F1-ATPase
correlates with the ﬁlling of the second of three catalytic sites, Proc. Natl. Acad.
Sci. U. S. A. 102 (2005) 13831–13836.
[41] R.S.-F. Lee, J. Pagan, S. Wilke-Mounts, A.E. Senior, Characterization of Escherichia
coli ATP synthase β-subunit mutations using a chromosomal deletion strain,
Biochemistry 30 (1991) 6842–6847.
[42] J.G. Wise, Site-directed mutagenesis of the conserved β subunit tyrosine 331 of
Escherichia coli ATP synthase yields catalytically active enzymes, J. Biol. Chem.
265 (1990) 10403–10409.
[43] A.E. Senior, J.A. Downie, G.B. Cox, F. Gibson, L. Langman, D.R.H. Fayle, The uncA
gene codes for the α-subunit of the adenosine triphosphatase of Escherichia coli.
Electrophoretic analysis of uncA mutant strains, Biochem. J. 180 (1979) 103–109.
[44] N.E. Garrett, H.S. Penefsky, Interaction of adenine nucleotides with multiple
binding sites on beef heart mitochondrial adenosine triphosphatase, J. Biol. Chem.
250 (1975) 6640–6647.
[45] D.J. Hyndman, Y.M. Milgrom, E.A. Bramhall, R.L. Cross, Nucleotide-binding sites on
Escherichia coli F1-ATPase. Speciﬁcity of noncatalytic sites and inhibition at
catalytic sites by MgADP, J. Biol. Chem. 269 (1994) 28871–28877.
[46] S.H. Andrews, Y.B. Peskova, M.K. Polar, V.B. Herlihy, R.B. Nakamoto, Conformation
of the γ subunit at the γ–ɛ–c interface in the complete Escherichia coli F1-ATPase
complex by site-directed spin labeling, Biochemistry 40 (2001) 10664–10670.
[47] H.S. Penefsky, Reversible binding of Pi by beef heart mitochondrial adenosine
triphosphatase, J. Biol. Chem. 252 (1977) 2891–2899.
[48] M.E. Pullman, H.S. Penefsky, A. Datta, E. Racker, Partial resolution of the enzymes
catalyzing oxidative phosphorylation. I. Puriﬁcation and properties of soluble,
dinitrophenol-stimulated adenosine triphosphatase, J. Biol. Chem. 235 (1960)
3322–3329.
[49] G.L. Peterson, A simpliﬁcation of the protein assay method of Lowry et al.which is
more generally applicable, Anal. Biochem. 83 (1977) 346–356.
[50] J.E. Walker, M. Saraste, N.J. Gay, The UNC operon nucleotide sequence, regulation
and structure of ATP-synthase, Biochim. Biophys. Acta 768 (1984) 164–200.
[51] P.P. Laget, J.B. Smith, Inhibitory properties of endogenous subunit ɛ in the
Escherichia coli F1 ATPase, Arch. Biochem. Biophys. 197 (1979) 83–89.
[52] P.C. Sternweis, J.B. Smith, Characterization of the inhibitory (ɛ) subunit of the
proton-translocating adenosine triphosphatase from Escherichia coli, Biochemistry
19 (1980) 526–531.
[53] J.G. Wise, L.R. Latchney, A.M. Ferguson, A.E. Senior, Defective proton ATPase of
uncA mutants of Escherichia coli. 5′-Adenylyl imidodiphosphate binding and ATP
hydrolysis, Biochemistry 23 (1984) 1426–1432.
[54] J.M. Wood, J.G. Wise, A.E. Senior, M. Futai, P.D. Boyer, Catalytic properties of the
F1-adenosine triphosphatase from Escherichia coli K-12 and its genetic variants as
revealed by l8O exchanges, J. Biol. Chem. 262 (1987) 2180–2186.
[55] Y. Kato, T. Sasayama, E. Muneyuki, M. Yoshida, Analysis of time-dependent change
of Escherichia coli Fl-ATPase activity and its relationship with apparent negative
cooperativity, Biochim. Biophys. Acta 1231 (1995) 275–281.
[56] M.K. Al-Shawi, C.J. Ketchum, R.K. Nakamoto, Energy coupling, turnover, and
stability of the F0F1 ATP synthase are dependent on the energy of interaction
between γ and β subunits, J. Biol. Chem. 272 (1997) 2300–2306.[57] S.D. Dunn, The isolated γ subunit of Escherichia coli F1 ATPase binds the ɛ subunit,
J. Biol. Chem. 257 (1982) 7354–7359.
[58] S.D. Dunn, Removal of the ɛ subunit from Escherichia coli F1-ATPase using
monoclonal anti-ɛ antibody afﬁnity chromatography, Anal. Biochem. 159 (1986)
35–42.
[59] R. Tuttas-Dorshug, W.G. Hanstein, Coupling factor 1 from Escherichia coli lacking
subunits δ and ɛ: preparation and speciﬁc binding to depleted membranes,
mediated by subunits δ or ɛ, Biochemistry 28 (1989) 5107–5113.
[60] J. Weber, S.D. Dunn, A.E. Senior, Effect of the ɛ-subunit on nucleotide binding to
Escherichia coli F1-ATPase catalytic sites, J. Biol. Chem. 274 (1999) 19124–19128.
[61] R.E. Ebel, H.A. Lardy, Stimulation of rat liver mitochondrial adenosine tripho-
sphatase by anions, J. Biol. Chem. 250 (1975) 191–196.
[62] S.D. Dunn, V.D. Zadorozny, R.G. Tozer, L.E. Orr, ɛ Subunit of Escherichia coli
F1-ATPase: effects on afﬁnity for aurovertin and inhibition of product release in
unisite ATP hydrolysis, Biochemistry 26 (1987) 4488–4493.
[63] E.A. Vasilyeva, I.B. Minkov, A.F. Fitin, A.D. Vinogradov, Kinetic mechanism of
mitochondrial adenosine triphosphatase. Inhibition by azide and activation by
sulphite, Biochem. J. 202 (1982) 15–23.
[64] E.N. Vulfson, I.E. Drobinskaya, I.A. Kozlov, M.B. Murataliev, The mechanism of
mitochondrial F1-ATPase functioning. V. A steady state kinetics study, Biol.
Membr. (USSR) 3 (1986) 339–351.
[65] T.Y. Kalashnikova, Y.M. Milgrom, M.B. Murataliev, The effect of inorganic
pyrophosphate on the activity and Pi-binding properties of mitochondrial
F1-ATPase, Eur. J. Biochem. 177 (1988) 213–218.
[66] Y.M. Milgrom, R.L. Cross, Nucleotide binding sites on beef heart mitochondrial
F1-ATPase. Cooperative interactions between sites and speciﬁcity of noncatalytic
sites, J. Biol. Chem. 268 (1993) 23179–23185.
[67] E.A. Vasilyeva, A.F. Fitin, I.B. Minkov, A.D. Vinogradov, Kinetics of interaction of
adenosinediphosphate andadenosine triphosphatewith adenosine triphosphatase
of bovine heart submitochondrial particles, Biochem. J. 188 (1980) 807–815.
[68] M.J. Gresser, J.A. Myers, P.D. Boyer, Catalytic site cooperativity of beef heart
mitochondrial F1 adenosine triphosphatase. Correlations of initial velocity, bound
intermediate, and oxygen exchange measurements with an alternating three-site
model, J. Biol. Chem. 257 (1982) 12030–12038.
[69] M.B. Murataliev, Adenine nucleotide binding at a noncatalytic site of mitochon-
drial F1-ATPase accelerates a Mg2+- and ADP-dependent inactivation during ATP
hydrolysis, Biochemistry 31 (1992) 12885–12892.
[70] J.-M. Jault, W.A. Allison, Slow binding of ATP to noncatalytic nucleotide binding
sites which accelerates catalysis is responsible for apparent negative cooperativity
exhibited by the bovine mitochondrial F1-ATPase, J. Biol. Chem. 268 (1993)
1558–1566.
[71] J. Weber, A.E. Senior, Location and properties of pyrophosphate-binding sites in
Escherichia coli F1-ATPase, J. Biol. Chem. 270 (1995) 12653–12658.
[72] D.S. Perlin, L.R. Latchney, J.G. Wise, A.E. Senior, Speciﬁcity of the proton adenosine
triphosphatase of Escherichia coli for adenine, guanine, and inosine nucleotides in
catalysts and binding, Biochemistry 23 (1984) 4998–5003.
[73] J.G. Wise, T.M. Duncan, L.R. Latchney, D.N. Cox, A.E. Senior, Properties of F1-ATPase
from the uncD412 mutant of Escherichia coli, Biochem. J. 215 (1983) 343–350.
[74] Y.M. Milgrom, R.L. Cross, Nucleotide-depleted beef heart F1-ATPase exhibits strong
positive catalytic cooperativity, J. Biol. Chem. 272 (1997) 32211–32214.
[75] A.E. Senior, Catalytic sites of Escherichia coli F1-ATPase, J. Bioenerg. Biomembr. 24
(1992) 479–484.
[76] C. Dou, P.A.G. Fortes, W.S. Allison, Theα3(βY341W)3γ subcomplex of the F1-ATPase
from the thermophilic Bacillus PS3 fails to dissociate ADP when MgATP is
hydrolyzed at a single catalytic site and attains maximal velocity when three
catalytic sites are saturated with MgATP, Biochemistry 37 (1998) 16757–16764.
[77] V. Corvest, C. Sigalat, F. Haraux, Insight into the bind–lock mechanism of the yeast
mitochondrial ATP synthase inhibitory peptide, Biochemistry 46 (2007) 8680–8688.
[78] P.D. Boyer, The ATP synthase—a splendid molecular machine, Annu. Rev. Biochem.
66 (1997) 717–749.
[79] V.V. Bulygin, Y.M. Milgrom, Studies of nucleotide binding to the catalytic sites of
Escherichia coli βY331W-F1-ATPase using ﬂuorescence quenching, Proc. Natl.
Acad. Sci. U. S. A. 104 (2007) 4327–4331.
[80] M. Yoshida, W.S. Allison, Characterization of the catalytic and noncatalytic ADP
binding sites of the F1-ATPase from the thermophilic bacterium, PS3, J. Biol. Chem.
261 (1986) 5714–5721.
[81] C. Kaibara, T. Matsui, T. Hisabori, M. Yoshida, Structural asymmetry of F1-ATPase
caused by the γ subunit generates a high afﬁnity nucleotide binding site, J. Biol.
Chem. 271 (1996) 2433–2438.
[82] T. Matsui, E. Muneyuki, M. Honda, W.S. Allison, C. Dou, M. Yoshida, Catalytic
activity of the α3β3γ complex of F1-ATPase without noncatalytic nucleotide
binding site, J. Biol. Chem. 272 (1997) 8215–8221.
[83] P.D. Boyer, Catalytic site occupancy during ATP synthase catalysis, FEBS Lett. 512
(2002) 29–32.
